INTRODUCTION
Gene editing is the technical process of deleting segments of DNA from an organism's genes, and sometimes substituting new DNA sequences, in order to eliminate deleterious mutations. 1 Advances in gene-editing technology have renewed hopes of correcting genetic defects in humans and rekindled debates about the many ethical, social, and policy consequences of genetic manipulation, especially when changes will be passed on through the germline, that is, to future generations. Gene-editing tools like CRISPR-associated protein 9 ("CRISPR-Cas9") are potentially precise, accurate, easy, quick, and cheap. As a result, gene editing has also renewed long-standing debates about efforts to pursue human germline alteration and enhancement. These debates reached fever pitch in late November 2018, when Chinese scientist Dr. He Jiankui claimed to the world that he had accomplished genome editing of two zygotes successfully brought to term as twin girls.
2 At first it was unclear whether the twins actually existed, but it became increasingly clear that Dr. He had lied, ignored ethics guidelines, and cut regulatory corners at best, and that the purported edits were probably ineffective and possibly dangerous. This Article examines the new gene-editing boom, considering briefly a range of issues-namely, the safety, efficacy, affordability, ethical and social acceptability, oversight, and control of this novel biotechnology. Part I, a very basic introduction to the science of gene editing, notes the similarities and differences between gene editing and its predecessor, gene transfer or gene addition, and a potential successor, base editing. This part continues by examining the policy furor that followed the first publications reporting about gene-editing research efforts in human embryos. It concludes that keeping up with the science and managing its oversight have become significant challenges for policymakers and bioethics scholars. Part II considers the prospect of human gene editing in its social and historical context, examining the most recent scientific developments and the policy debates engendered thereby, including the recent, unexpected, and highly controversial reported birth of gene-edited twins in China. Part III then discusses ethical and policy debates and future prospects for ethical consensus on whether, where, when, and how to move forward with human gene-editing research and clinical translation applied to embryos intended for birth. This part addresses somatic versus germline editing and gene editing's connection to and dependence on basic assisted reproduction technologies like in vitro fertilization ("IVF") and preimplantation genetic diagnosis ("PGD"), including controversial arguments about the necessity of germline alteration. This part also addresses treatment versus enhancement and questions of governance and access. Part IV suggests the need to refocus emphasis on modeling and adhering to careful, meticulous, and responsible science, as taught and practiced in laboratories around the world, in both preclinical and translational research settings. Responsible science, fostered by good education in sound and ethical scientific practice, has the best chance-if there is any chance-of promoting the conduct of reason-grounded and thoughtful research, and of helping to ensure robust public discussion of and policy deliberation about ethically sound scientific progress.
I. THE SCIENCE AND EARLY HISTORY OF GENE EDITING
Gene editing has captured the public imagination since CRISPR first hit the news just a few years ago. 4 It is noteworthy, however, that most of the scientific, medical, ethical, and policy issues raised by gene editing echo questions and problems that have been discussed since Watson, Crick, and Franklin first identified the double helix. 4. See supra note 1. Clinic, 315 JAMA 546, 546-48 (2016) . The deoxyribonucleic acid ("DNA") helix was identified in 1953. By the 1970s, the search for effective gene-based treatments for human genetic diseases had begun in earnest. Mary Carrington Coutts, Human Gene Therapy, 4 KENNEDY INST. ETHICS J. 63, 65 (1994) The first human patientsubject, Ashanti de Silva, received a gene-transfer (now often referred to as gene augmentation) intervention in 1990. Id. at 63. In 1999, Jesse Gelsinger became the first patient-subject to die as a result of a gene-transfer research intervention. Rick Weiss & Deborah Nelson, Methods Faulted in Gene Test Death: Teen Too Ill for Therapy, Probe Finds, WASH. POST, Dec. 8, 1999, at A1; Paul Gelsinger, Jesse's Intent, GUINEA PIG ZERO (2000) , http://www.guineapigzero.com/jesses-intent.html [https://perma.cc/R5PG-8S3X]. The first gene-transfer intervention was approved as a therapy in 2004 in China. Sue Pearson, Hepeng Jia & Keiko Kandachi, China Approves First Gene Therapy, 22 NATURE BIOTECHNOLOGY 3, 3-4 (2004) . A few more gene-transfer interventions have been approved to date as therapies by the European Medicines Agency ("EMA"), see Nuala Moran, First Gene Therapy Glybera (Finally) Gets EMA Approval, BIOWORLD (Nov. 2, 2012) , http://www.bioworld.com/content/first-gene-therapy-glybera-finally-gets-ema-approval-1 [https://perma.cc/5BQN-U4FT], and the FDA, News Release, FDA, FDA Approves Novel Gene Therapy to Treat Patients with a Rare Form of Inherited Vision Loss (Dec. 19, 2017) , https://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm589467.htm [https://perma.cc/LSH7-YNEN].
Tracy Hampton, Ethical and Societal Questions Loom Large as Gene Editing Moves Closer to the
6. This Article draws on some of my previous work on gene editing and related novel biotechnologies, most notably Nancy M. P. King, Pat C. Lord & Douglas E. Lemley, Since mid-2014, the explosion of scientific, medical, and public Editing the Genome: Prospects, Progress, Implications, and Cautions, 5 CURRENT GENETIC MED. REP. 35, 35-43 (2017) . It is unfortunately not possible, however, to address all or even most of the relevant issues without taking up excessive space and trying readers' patience. Many significant ethical and policy issues arise from applications of gene editing (and gene drives) to plants and animals. These issues include not only agricultural and animal husbandry applications but also basement biohacking and the potential weaponization of genetically altered organisms. All this and more is well beyond the scope of this Article, yet others have given these topics expert treatment. See generally NAT'L ACADS. OF 
SCIS., ENG'G, & MED., GENE DRIVES ON THE HORIZON (2016) (summarizing the scientific discoveries related to gene drives and considerations for their responsible use); Sharon Begley, Monsanto Licenses CRISPR Technology to Modify
Crops-with Key Restrictions, STAT (Sept. 22, 2016) , https://www.statnews.com/2016/09/ 22/monsanto-licenses-crispr/ [https://perma.cc/G3MS-FKG3]. Nor do I address the prospect of using gene editing and related technologies to create human-animal chimeras, such as "humanized" pigs capable of growing human organs suitable for transplantation, which raises issues that are related to but distinguishable from those addressed in this Article and that deserve thorough examination. See, e.g interest has resulted in thousands of scholarly publications, 10 floods of articles in the popular press, 11 and extensive debate about a broad range of bioethics and public policy issues, including but not limited to questions about safety and efficacy, about whether it is appropriate to edit the human germline, 12 and about whether it is possible to establish global governance over what appears to be a potentially species-altering technology.
13 Federal and international panels and commissions have addressed the science and ethics of CRISPR.
14 And public discussion of the possibility and desirability of making inheritable genetic alterations to eliminate genetic disease, and of genetically enhancing humans, which has been simmering for nearly fifty years, has now reached boiling point. GOVERNANCE (2017) [hereinafter NASEM, HUMAN GENOME EDITING] ("Recognizing both the promise and concerns related to human genome editing, the National Academy of Sciences and the National Academy of Medicine convened the Committee on Human Gene Editing: Scientific, Medical, and Ethical Considerations to carry out the study that is documented in this report."). And the second issue of the CRISPR Journal featured a compendium of position statements from around the world. See infra text accompanying note 82.
The prospect of genetic modification, and the fears and hopes it engendered, were first addressed in the 1970s in connection with the Asilomar moratorium on recombinant DNA research. 15 Discussion of the ethical, legal, and social implications ("ELSI") of genetic research expanded in the 1990s when recombinant DNA research in humans began to attempt correction of genetic defects and the Human Genome Project began its work of finding and mapping all human genes. 16 Attention to the implications of gene-based treatment and enhancement largely faded from view, however, after the mapping project was completed and progress in clinical research slowed.
Despite the growth of multidisciplinarity in the biosciences, collaboration between scientists and bioethics scholars has remained challenging because of the rapid development of specialized knowledge and the resultant information gaps and language barriers. This means that ethical and policy thinking can at times lag behind biotechnological developments or misunderstand or mischaracterize them. 17 However, waiting to address the implications of a novel biotechnology until it is more fully developed often means chasing after what has rapidly become regarded as inevitable.
18 Indeed, the global response to Dr. He's work may exemplify both the inherent 15. At the Asilomar Conference, the American scientific community voluntarily and temporarily halted all recombinant DNA research until risks of harm were further assessed and oversight mechanisms were created. See generally Paul Berg, Asilomar 1975 : DNA Modification Secured, 455 NATURE 290 (2008 (noting the successes of the conference and considering whether an Asilomar-type conference could "help resolve some of the controversies now confronting scientists and the public"); Michael Rogers, The Pandora 's Box Congress, ROLLING STONE, June 19, 1975, at 36 (narrating public debate. 22 But whether that ethics debate should be framed as a balance of the risks of harm against potential benefits only for individuals and their progeny, or whether it should expand to address the implications of multiple individual, inheritable changes for the human species as a whole, 23 is still at issue. At the same time, the research is advancing rapidly and has already taken some unprecedented directions.
24
Scientists and the public alike recognize that potentially astounding health benefits could follow from editing the human germline. But there are real concerns as well. Introducing permanent inheritable changes might introduce unintended errors that could damage not only individual patient-subjects but also their future offspring for generations. This concern arose when gene-transfer research 25 began in 1990. 26 Gene transfer seeks to correct deleterious genetic mutations by introducing multiple copies of nonmutated versions of the responsible gene into the body. 27 The principal risk of harm comes from the possibility of "off-target effects"-that is, that copies could insert into the wrong place in the genome, causing a different and potentially deleterious mutation.
28 That potential harm is only to the individual so treated; however, it is common to monitor Gene editing, in contrast, does not flood the organism with new copies of genes. 30 Instead, it either removes mutated or damaged sequences from genes, or removes them and replaces them with undamaged versions. 31 One of the reasons that gene editing has generated such scientific excitement is that it seems to be significantly more precise, and potentially more accurate, as well as more effective and more reliably permanent, than gene addition at its best.
32
The key to gene editing is the creation of double-strand breaks in the DNA double helix. Gene editing before CRISPR used ZFNs and TALENs; these methods, which are still in use, required very precise and painstaking construction of the proteins that break DNA, called nucleases, to hit the right places where the DNA should be broken (called cleavage sites). 33 The discovery of CRISPR has rapidly led to technologies that are much simpler and easier to use. GENE THERAPY 915, 918 (2014) . The semen of some male gene-transfer research subjects was found to contain copies of the viral vector used to insert the transgene into their somatic cells. Id. at 918 fig.3 (collecting wellpublicized incidents of such occurrence). This discovery led to monitoring of male patientsubjects; in gene-transfer trials using systemic administration of the vector-transgene combination, semen is collected and tested to look for copies of the (deactivated) viral vector used to carry the transgene into the body's cells. Id. at 918. Persistence of vector has always been temporary and has never appeared to include transgene or to affect sperm. Id. This low risk of germline effects nonetheless raised concerns and has influenced study design, altering the choice of vector in some gene-transfer protocols and the route of administration of the vector-transgene combination in others, in order to reduce the likelihood of germline transmission. King, supra, [23] [24] [25] [26] . In this author's opinion, concern about germline effects may have contributed to Jesse Gelsinger's death in a phase one gene-transfer protocol, because the FDA changed the route of administration of the gene-transfer intervention from injection into the peripheral circulation to injection into a vein leading directly to the liver, reasoning that the former route was systemic and thus more likely to risk germline effects. Targeting the liver proved more dangerous, however, as it provoked an overwhelming immune response that led to Gelsinger's death.
30. See Rodolphe Barrangou & Jennifer A. Doudna, Applications of CRISPR Technologies in Research and Beyond, 34 NATURE BIOTECHNOLOGY 933, 933-36 (2016 Newer CRISPR models and related technologies are rapidly being developed and tested. Such refinements are continually underway to make gene-editing systems simpler, smaller, and more precise. 39 In particular, editing RNA (using Cas13 instead of Cas9) has some advantages over editing DNA. 40 Unlike DNA editing, RNA editing is temporary. 41 An RNA edit is therefore reversible if it goes wrong in any way, and it can be applied to correct transient conditions, such as damage caused by inflammation resulting from an infection.
42 RNA edits are also effective when cells are not actively dividing, whereas DNA edits are linked to cell division. 43 This difference means that RNA editing, unlike DNA editing, can be applied to brain and muscle cells, as well as to cell types found in other tissues. 44 Finally, RNA edits affect individual bases in the sequences of base pairs that make up genes-and because single-base mutations cause a number of human genetic diseases, RNA editing could have the potential to treat those diseases precisely and effectively (though not permanently). [T] he weaknesses of base editors have become increasingly apparent, and a new study shows they can also accidentally mutate the strands of RNA that help build proteins or perform other key cellular tasks.").
step in the ladder of the double helix and then either allowing the ends to reconnect without the missing step or inserting a repaired replacement, base editing targets individual base pairs without breaking the strand. 46 Paired combinations of just four proteins make up all human DNA, and thousands of human diseases are known to be caused by mutations in just one base pair of matched proteins in one gene. 47 For example, a mistake that puts one adenosinethymidine ("A-T") pair where a guanine-cytosine ("G-C") pair should be causes half of known human genetic diseases.
48 Therefore, using base editing to change A-T pairs to G-C pairs could permanently and precisely correct a great many deleterious mutations. 49 Base editing with an enzyme specially synthesized for this purpose is being studied in cell cultures and in small animal models, 50 and has been pronounced successful in human embryos with Marfan syndrome in a paper by Chinese researchers.
51
Is it possible for ethics and policy to keep up with the breakneck pace of this science? Maybe; but it sure ain't easy.
II. A BRIEF HISTORY OF CRISPR NEWS AND POLICY
Gene editing made headlines in March 2015 when a group of senior scientists and scholars led by Jennifer Doudna published recommendations arising from a California conference that invited comparison with the 1970s Asilomar moratorium on recombinant DNA research.
52 They recommended a moratorium on "germline genome modification for clinical application in humans, while societal, environmental, and ethical implications of such activity are 46 57 The Chinese researchers' findings of both off-target insertions and mosaicism-that is, successful editing of some but not all of the embryos' cells, resulting in a "mosaic" pattern of edited and unedited cells-were troubling; so was their failure to conduct more basic research first.
58
At the end of April 2015, the National Institutes of Health ("NIH") announced that it would not fund any use of gene-editing technology in human embryos. 59 And in the summer and fall of 2015, several additional position statements appeared. 60 A joint statement by the American Society of Gene and Cell Therapy ("ASGCT") and 53 68 The report's widely anticipated recommendations have generally been interpreted as opening the doors to the future a little wider, in two respects. First, the report recommends limiting human clinical trials of somatic gene editing to prevention and treatment applications "at this time" and calls for public discussion and policy debate on enhancement applications, thus setting the stage for enhancement research in the future. 69 Second, it recommends permitting human germline gene editing, but only for compelling purposes-that is, when there are no reasonable alternatives and the intervention is intended to prevent or treat serious disease or disability. 70 The report thus even more clearly sets the stage for germline interventions in the not-too-distant future, depending on what counts as a reasonable alternative. 71 It also requires rigorous and comprehensive oversight and long-term multigenerational follow-up and recommends transnational cooperation and ongoing public reassessment.
72
The summer of 2017 saw a number of additional developments. The American College of Medical Genetics and Genomics published a points-to-consider document on genome editing in clinical genetics;
73 it concluded that "genome editing in the human embryo is premature" and strongly encouraged "broad public debate," continued research to resolve technological problems, and resisting pressure for premature clinical application. 74 Shortly thereafter, the American Society of Human Genetics led a large group of genetics and medical organizations that published a comprehensive joint position statement on human-germline genome editing, which divided the ethical issues into those arising from its failure and those arising from its success, 75 and concluded that "at this time," germline gene editing intended for human pregnancy is "inappropriate," but in vitro 
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human germline-editing research should go forward and should be publicly funded. 76 Echoing the Human Gene Editing report, the position statement further argued that human clinical applications of germline editing should not proceed unless there is a compelling medical and ethical rationale, good preclinical evidence, and a transparent public process. 77 Finally, the first human-embryo editing in the United States came to light in the summer of 2017. Oregon Health Sciences University's ("OHSU") Shoukrat Mitalipov and his team edited viable human zygotes, which they created using healthy oocytes and sperm containing a genetic mutation that causes hypertrophic cardiomyopathy, and which thus had a 50/50 chance of carrying the mutation.
78 They edited these zygotes with a CRISPR-Cas9 package that included a normal synthetic copy of the mutated gene so that the mutation could be replaced with the synthetic copy. 79 Their published results claimed a high degree of success with few off-target effects and almost no mosaicism, but did contain a surprising wrinkle: the normal gene was not the synthetic version but a copy of the normal version found in the oocyte genome. 80 These results have been questioned as improbable. 81 It seems likely that a definitive answer will emerge only Apparently, Dr. He recruited couples in which the man has HIV infection and the woman does not and told them that he was conducting HIV vaccine research.
92 Dr. He collected sperm and ova from the man and woman, washed the sperm before fertilizing the ovum with it-which is well known to render transmission of HIV to the embryo virtually impossible-and then sought to edit out a gene that plays a role in helping HIV enter cells, ostensibly to increase the resulting child's resistance to HIV infection. 93 Crucially, Dr. He admitted that the edit was not successful in one of the embryos, and it is unclear whether it was completely or even partially successful in the other. 94 In addition, it is probable that disabling or deleting the gene in question decreases resistance to other, more common infections. 
A. Is Germline Genome Editing Necessary, or Just Way Cool?
Avoiding disease by means of genetic intervention requires knowing which genes are involved in disease causation. Once genes have been identified, treatments are generally sought for affected individuals and designed to be applied to somatic cells-that is, to edit the DNA in the affected cells of the individual's body. Somatic cell genetic correction has been the goal of human genetic manipulation since its beginning. 100 Correction of the genetic defects in all or most of the affected somatic cells of an individual with a known genetic disorder would, by definition, be a treatment-even a cure-for that person.
101 Gene-editing research designed to correct genetic defects in the somatic cells of adults or children is less likely to pose a risk of inadvertent germline effects than is gene-addition research.
102 Thus, it is far less problematic, as long as standards of safety and efficacy are met.
103
A representative gene-editing example is Sangamo Therapeutics' trial of an in vivo gene-editing intervention for Hunter syndrome, or mucopolysaccharidosis type II, using ZFNs. 104 The first patient- 980-82 (2016) ; see also Begley, supra note 102. Nonetheless, it matters whether the gene-editing tool used simply snips out the defective sequence and allows the DNA to rejoin without it-a process known as nonhomologous end joining-or whether the defective sequence is replaced with a nonmutated sequence, which is known as homologous recombination or homology directed repair. Nonhomologous end joining is now known to be less precise than homology-directed repair; it also raises the interesting possibility that merely deleting the mutated sequence could also delete potentially beneficial genetic information and thus be as harmful as it is helpful. See, e.g 106 as is often the case the first time a new potential treatment is studied in human patient-subjects.
Importantly, the experimental gene-editing intervention in this trial cannot cross the blood-brain barrier, 107 so it cannot actually edit DNA in all the affected somatic cells. Because of the difficulty of reaching and effectively correcting all the affected cells in many genetic disorders, studying possible gene-editing treatments in affected patient-subjects is of great importance, but somatic cell gene editing in adults, and even in children, may not be as effective as interventions timed to prevent development of genetic disorders or to halt damage at an early stage. Treating an already-born person with somatic cell gene editing may not be perfectly effective if it is not possible to edit most or all of the affected DNA. If only some of the affected cells in the body are successfully edited, this results in mosaicism-a mosaic mixture of affected and corrected cells. Depending on the nature of the condition and the degree of correction, some mosaicism may be enough to effectively treat the condition, and in other cases, the effect may not be sufficient. In contrast, editing an early embryo can improve correction and avoid mosaicism, because the embryo has fewer cells needing correction, and all of the cells in an early embryo are rapidly dividing and can thus perpetuate the correction throughout development. Therefore, early intervention seems a logically superior route, as long as the risk of genetic disease is known.
Once a couple has given birth to a child diagnosed with a genetic disorder, the child's parents and their close relatives can learn more about their own relevant genetic makeup and can use various means to prevent the birth of additional affected children. Interestingly, current debates about germline gene editing tend to skip over discussion of some of those means. For example, long before the beginnings of the Human Genome Project, Ashkenazi Jewish communities worldwide began collating family histories to try to identify individuals whose offspring might be at risk of being affected by Tay-Sachs disease, a devastating neurodegenerative genetic disorder more common in persons with Ashkenazi Jewish ancestry than in the general population. 108 Couples seeking to marry might be counseled to find another partner, to forgo procreation, or to adopt. As a result, the global incidence of Tay-Sachs disease has decreased substantially.
109 Scientific advances have made even more options available to carrier couples, most notably including IVF to create a small number of embryos, PGD to test them for Tay-Sachs mutations, and selecting unaffected embryos to implant and bring to term.
110
Preventing germline transmission of genetic disease through the selection of healthy embryos is widely available in affluent countries. Assisted reproduction technology ("ART") has expanded rapidly in recent decades, and IVF with PGD has become almost standard for those in need of reproductive health services, especially couples affected by genetic disorders who wish to give birth to a genetically related but unaffected child.
111 However, IVF and PGD are relatively costly services, with prices ranging from four to six figures, depending on location and insurance coverage. 112 In the United States, these procedures are largely the province of the private sector, are not comprehensively regulated, and are far from always paid for by 108 . The Jewish Genetic Disease Consortium maintains a web resource on Tay-Sachs Disease that includes extensive information on the disorder, carrier screening for couples, and options for couples who screen positive. It is usually possible-not always, but almost always-to use IVF and PGD to select an unaffected embryo instead of editing an affected embryo. Regardless of whether the goal is to select an unaffected embryo or to edit one that is affected, it is necessary to use IVF to create one embryo or several, and then to use PGD to determine whether any are affected by the genetic disorder of concern (or are carriers). Selecting and implanting an unaffected embryo is thus a key alternative to editing an affected embryo. If editing an individual at a later stage-as an adult, a child, or even a fetus-is not enough, either because of mosaicism or because later editing cannot reverse early damage that occurs before the editing process is undertaken, then it might seem logical to regard embryo editing as nothing other than an alternative to embryo selection. The earlier the editing process begins in development, the more likely it is that all of the body's cells will be corrected, including those of the (immature) gametes. This effectively makes germline editing a "side effect" of effective treatment.
The Robust and reliable understanding of whether editing very early embryos or gametes can provide complete correction and target specificity is still in very short supply. Given our limited knowledge of the relationships among genes and between genes and the environment, genetic alteration of embryos or gametes might have completely unexpected consequences, which can be avoided simply by selecting an unaffected embryo. It thus seems only prudent to limit human clinical applications of gene editing to instances of true necessity, when an unaffected embryo cannot be selected. Recently, however, noted medical scientist George Daley has argued that many couples with low fertility may not be able to use IVF to create enough embryos to identify one that is unaffected to implant and bring to term. 118 This could potentially expand the "necessary" application of embryo editing considerably.
119
But these are all safety questions. Some additional questions that should be asked may also highlight assumptions on which the whole field of ART is based. These questions touch on some potentially broader issues of social policy and ethics: Should every couple be able to pursue giving birth to children who are genetically related to both NORTH CAROLINA LAW REVIEW [Vol. 97 parents? Should that effort overshadow adoption or the use of donated gametes? Should couples who have religious or personal objections to discarding any embryo be able to create only a single embryo, and correct it if needed, rather than creating more than one in order to identify and select one that is unaffected? And finally, and most central here, is it reasonable to regard the complexities and uncertainties of creating germline effects as acceptable side effects of embryo editing under the circumstances, in comparison to its potential benefits, even in instances of true need? How can germline effects be adequately studied in future generations from the perspectives of both science and ethics? How should genetically altered offspring be regarded? Are they lifelong research subjects? For how many generations?
120 Could editing the germline alter the human genetic inheritance? What does that mean? Should we do so? What sort of policy process should be in place to address these questions? Is it possible to reach international agreement on whether to permit, and if so, how to regulate human germline alteration?
121
Although the germline effects of editing embryos, zygotes, or even gametes were initially posited as a side effect of effective treatment, it may ultimately be impossible to distinguish between germline alteration as a side effect and as a goal. If widespread use of IVF and PGD alone could remove most genetic diseases from the human genetic inheritance, then shouldn't embryo editing be reserved for disorders that can be removed from the human genetic inheritance only by choosing not to procreate or by editing embryos or gametes? Perhaps because the same considerations and concerns exist about germline gene editing regardless of its status as side effect or goal, few efforts are made to preserve a distinction. Instead, most popular arguments in favor of embryo editing start and end with the goal of eradicating devastating genetic diseases forever. 122. Survey research very much depends on exactly how questions are asked, and to whom. See, e.g., CARY FUNK & MEG HEFFERON, PEW RESEARCH CTR., PUBLIC VIEWS OF GENE EDITING FOR BABIES DEPEND ON HOW IT WOULD BE USED 2-3 (2018). It is quite understandable that when people are asked about using gene editing to eliminate their own diseases from the population, they will find it easier to imagine themselves as healthy than to imagine that their parents selected an unaffected embryo instead of using gene editing on theirs. See Mullin, supra note 80.
When analysis of the ethical appropriateness of embryo editing equates editing with selection or fails to compare, consider, or even mention embryo selection, this increases the perceived acceptability of gene editing. 123 It also helps to promote what some have argued is the real goal of embryo editing: genetic enhancement.
124 Arguments in favor of genetic enhancement are further assisted by the conceptual fuzziness of the line between treatment and enhancement.
B. Appropriate Research Targets: Treatment or Enhancement?
Whether germline genetic alteration should be limited to treatment for genetic disorders or should encompass enhancements as well is yet another debate that has been going on for many decades.
125
Discussion of the similarities and differences among prevention, treatment, and enhancement is a debate that is older and broader than genetics, even though it has considerable significance in genetic intervention. Consider just two examples: vaccines enhance immune system function in order to prevent infection; erythropoetin is a treatment used to restore red blood cell production after cancer chemotherapy causes anemia, but it is also used to increase the blood's oxygen-carrying capacity in order to prevent altitude sickness or enhance aerobic efficiency in healthy individuals. Many other such examples exist, including administering human growth hormone ("HGH") as a treatment for children who have lower than normal HGH levels, while also giving HGH to uncomplicatedly short children with normal HGH levels to enhance the height they inherited from their parents. Many such "off label" uses of interventions developed as treatments have been proposed and undertaken in the history of medicine and medical research. 125. See WALTERS & PALMER, supra note 27, at 110-11. 126. The history of human gene-transfer research reveals numerous hopes for genetic enhancement, including but not limited to discussions about the feasibility of extending treatment uses of gene-transfer interventions to enhancement purposes. For example, could a gene-transfer intervention for cancer-caused cachexia be used to increase muscle mass in athletes (which, if done, would constitute difficult-to-detect "gene doping")? Could delivering additional corrected copies of the mutated gene responsible for PraderWilli syndrome, a genetic disorder that includes insatiable appetite, to healthy overweight people suppress their appetites and result in weight loss? Might industry be interested in helping to develop a gene-transfer intervention to spur rapid regrowth of hair after NORTH CAROLINA LAW REVIEW [Vol. 97 Examples like these demonstrate the difficulty of cleanly distinguishing between enhancement and treatment. The terms themselves are ambiguous and context dependent; treatment in one setting is enhancement in another. Moreover, as treatment interventions become more common, what is regarded as a condition in need of treatment is highly likely to expand into territory previously regarded as reserved for enhancement only, in the same way that the indications for use of an approved treatment virtually always expand over time. 127 Discussion of the ethical and policy debates about human enhancement, from everyday examples to the extremes of the antiaging movement and transhumanism, is far beyond the scope of this Article. Several aspects of genetic enhancement nonetheless deserve mention.
First, assessing and balancing the risks of harm and potential benefits in enhancement research poses a particular challenge. It is far easier, and much less morally problematic, to weigh potential benefits and risks of harm in human research when the potential benefits are understood as a return to normal functioning-a treatment-than when the research subject is a healthy patient for whom "better than normal" is the goal. Despite this difficulty, biohackers have sought to enhance themselves. 128 Enhancing human embryos should certainly be given far more serious consideration.
But what if genetic enhancement is just at the far end of a continuum that represents the generally praiseworthy, or at least not automatically contemptible, desire to better ourselves? Humans already enhance themselves and their children in a wide variety of relatively modest ways: eyeglasses and laser surgery for myopia, education and Ritalin for academic achievement, meditation and even controlled administration of hallucinogens for moral enhancement, and caloric restriction for life extension. Inheritable genetic enhancements may hold the potential to change the balance of characteristics in a society more pervasively and permanently than other enhancement technologies currently available to individuals and families. Individual choices to ensure that one's children and grandchildren are blond haired and blue-eyed, taller than average, more trusting and compassionate, possessing higher IQs, or needing less sleep potentially have a wide range of possible consequences across societies. Yet all parents seek to secure advantages for their children and pass them on across generations through the acquisition and inheritance of wealth, education, employment opportunities and experiences, contacts and connections, and other forms of social capital. Are genetic enhancements different in kind from other enhancements, or do they differ only in degree of precision, penetrance, and irreversibility?
Many of the enhancements just described would not be regarded as advantageous if everyone had them. Being tall, or blond haired and blue-eyed, matters little if everyone is tall, or blond haired and blueeyed; these characteristics, and others that matter only if you have them and others do not, are, in economic or philosophical terms, positional goods.
129 Some enhancements, in contrast, may continue to be desirable nevertheless, at least within limits. For example, more education or greater intelligence, more stamina, less need for sleep, and staying healthier longer may all confer advantages over individuals who lack these characteristics, but each enhancement may still have value if everyone shares them; they are, philosophically speaking, intrinsic goods. 130 Even in circumstances where incomerelated disparities will surely limit access to any and all genetic enhancements, whether for individuals alone or also for their progeny, it is worth considering what kinds of enhancements are even worthy of consideration in a society that seeks to be both free and fair. TO GROWTH 27 (rev. ed. 2005 Finally, even the most highly valued of intrinsic goods has a place on a continuum from enhancements that manipulate normal species functioning in minor ways, such as bringing short people up to the species norm or improving eyesight beyond 20/20 vision, to those that change normal species functioning more profoundly, such as tripling the human lifespan or enabling humans to photosynthesize in order to counter a shrinking food supply on an overheating planet. Inheritable genetic modifications, now potentially made much easier by gene editing, may be difficult to undo. Thus, even if genetic enhancement is currently no more than a philosopher's dream, contemplating the inheritable changes that could in the future be wrought by human germline gene editing may add at least a modicum of urgency to ongoing ethical and policy deliberations about human enhancement. We need to worry about this because it simply may not be possible to avoid embryo enhancement if embryo editing goes forward.
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C. Oversight and Governance, Domestic and Global
That gene editing provides an unparalleled opportunity to address significant questions about governance of new technologies, appropriate oversight, and issues of justice, both domestic and global, seems an understatement. That we are very far from being able to capitalize on that opportunity seems equally obvious. The reasons are legion: international scientific competition, a proliferation of regulatory and oversight mechanisms replete with gaps and overlaps, historical precedents like the "Wild West" of ART in the United States, and the accessibility and affordability of do-it-yourself CRISPR kits for at-home biohacking are just a few of the contributors to the patchwork picture. To address this kind of complexity, which is not at all unprecedented, Marchant and Wallace have suggested applying a model called a "governance coordinating committee," which can make use of a "soft law" approach to novel biotechnologies by serving a managerial "honest broker" function. 132 Is there a path forward for establishing a governance coordination committee for gene editing? Well, the summary statement from the organizers of the Second International Summit on Human Genome Editing calls for an ongoing international forum to foster broad public dialogue, develop strategies for increasing equitable access to meet the needs of underserved populations, speed the development of regulatory science, provide a clearinghouse for information about governance options, contribute to the development of common regulatory standards, and enhance coordination of research and clinical applications through an international registry of planned and ongoing experiments.
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In addition, consider that the NIH has recently decided to yet again revise and reduce the role of the Recombinant DNA Advisory Committee ("RAC") in the oversight of human gene-transfer research, having concluded that gene-transfer research no longer needs the scrutiny that should be afforded to novel biotechnologies. As part of this revision, "to use the RAC as a public forum to advise on issues associated with emerging biotechnologies, the RAC's charter will be modified to change the committee's focus from fundamental role in gene editing and related research. Insoo Hyun, Amy Wilkerson & Josephine Johnston, Human-Embryo Research: Revisit the 14-Day Rule, 533 NATURE 169, 170 (2016) .
132. Marchant & Wallach, supra note 13, at 46, 48 ("Emerging technologies require a coordinated, holistic, and nimble approach, while not sacrificing diligence in overseeing discernible dangers. . . . It would be an illusion to think that a GCC, or any other body, could resolve these problems altogether. However, through advice, influence, and building rapport among stakeholders, a GCC could play a key role in modulating the development and deployment of new technologies. Today, no single institution is positioned to play such a role.").
133. Statement, Organizing Comm. of the Second Int'l Summit on Human Genome Editing, On Human Genome Editing II (Nov. 29, 2018) If the RAC is actually reformulated to provide a public forum that can advise broadly on scientific, safety, and ethical issues arising in research on emerging biotechnologies, perhaps there is some hope that it could continue to listen, deliberate, and influence the progress of gene-editing research and related biotechnologies. That would be desirable. It remains to be seen whether the NIH truly intends to make this change; however, its director, Francis Collins, has referenced it in his response to the He Jiankui scandal. 135 It is far from clear at the time of this writing what this model could really accomplish. 136 Even so, another proponent of responsible research progress instead of moratoria in this socially and politically sensitive area has also called for a comprehensive regulatory roadmap that would incorporate a wide variety of guidelines, controls, and checkpoints. 137 
D. A Moratorium?
Notably, in mid-March an international group of genome scientists and bioethics scholars published an article in Nature calling for a moratorium on "heritable genome editing." 138 An accompanying editorial echoed the need for better regulation and broader discussion, 139 and the same issue published letters from NIH and the National Academies supporting a moratorium. 140 The moratorium call is detailed, addressing the need to improve the efficiency of IVF and PGD as potentially preferable to clinical genome editing, endorsing the continuation of basic genome-editing research, and positing the global moratorium on clinical genome editing as voluntary and temporary. Not surprisingly, however, it was immediately controversial, with prominent scientists and scholars supporting both sides of the question for a wide range of reasons. 141 As at least two international expert groups, 142 with some members already clearly in both "slow down" and "move ahead" camps, have pledged to work together to define terms, discuss scientific and ethical issues, and set standards in germline genome-editing research, the controversy over global governance and research policy is sure to remain significant.
E. Access and Cost
Cost and access have been important concerns for all treatment technologies for as long as paying for health care has been an issue. Both domestically and on a global scale, new biotechnologies often come with immense price tags.
143 Gene-transfer, cell-based, and regenerative-medicine interventions are, generally speaking, very expensive; some efforts are being made to reduce costs through scaleup and standardization, 144 but the success of such efforts is uncertain. NORTH CAROLINA LAW REVIEW [Vol. 97 It is possible that the speed and simplicity of CRISPR-Cas9 and other gene-editing tools may help to reduce gene editing's ultimate cost. Even significant cost reductions will not necessarily improve the affordability of future treatments, however, particularly for patients in resource-poor countries, unless gene editing proves far more curative and considerably cheaper than currently available treatments, thus making it feasible to ensure global accessibility. Countries that cannot afford to provide basic health care for the people residing within their borders are unlikely to provide novel biotechnologies, even at low cost. Countries that-like the United States-choose to condition access to health care on the ability to pay for it, with exceptions for only some of those with the least resources and the greatest need, are unlikely to remove or lower that barrier for particular new technologies, no matter how promising. This is only to say that the cost problem in health care is pervasive; gene editing will simply be another new and expensive biotechnology. But because gene editing of embryos must necessarily be integrated into existing ART systems, which are already financially out of reach for many, disparities of access will surely be exacerbated unless our thinking about payment for such services changes profoundly.
And yet, it must be acknowledged that the issue of fair access to costly biotechnologies is a question of distributive justice that is confined to the rather small and circumscribed realm of rescue medicine. There are other, much broader distributive justice questions that should also be considered. We should ask: How should we distribute not only fair access to novel biotechnological treatments but also to preventive services and also to the support services that are often so necessary when treatments are not cures? How should we fairly apportion funding for health-related research between the development of novel biotechnologies and the search for effective prevention? Should we focus instead on identifying, addressing, and ameliorating the many social factors that give rise to health disparities but that have proven more challenging-and much less excitingthan pursuing cutting-edge science?
145 Should we even consider thinking beyond health, to engage more seriously in collective discussion about all the things that make up a good life, and about Somatic cell gene editing is not new, although CRISPR-Cas9, its relatives, and the recent development of even newer and potentially more precise techniques, like base editing, have made it far easier. However, the editing of early embryos and gametes is necessarily controversial. There is still agreement that clinical research involving human embryos intended for reproduction must wait until much more is known, but calls for complete avoidance of germline gene editing are increasingly in the minority.
A. Is Germline Editing the Future?
The question whether deliberate germline gene editing should ever be permitted is a question about the nature of the need. IVF combined with PGD is a safe and effective already-existing alternative to gene editing of embryos or gametes in all but the few circumstances where a genetic disorder will necessarily appear in all of the embryos a couple can produce. Yet there are would-be parents who might prefer editing a single embryo over creating and testing multiple embryos, selecting and implanting one or two unaffected embryos, and discarding the rest. 147 And there are other would-be parents with a range of different reasons for seeking gene editing. When editing, rather than selection, is chosen or necessary, germline alteration is then a side effect of editing embryos, zygotes, or gametes in order to ensure that the intervention is completely effective with little or no possibility of mosaicism. But affecting the germline is also a goal in itself, accomplished by either embryo selection or embryo editing. IVF, PGD, and embryo selection already work to eliminate deleterious conditions from the human germline, without gene editing's uncertain and unknown effects on future generations. Yet there is no groundswell of enthusiasm for making these standard technologies more widely available. The scientific excitement that accompanies genetic manipulation risks overwhelming the ability of professionals and the public to place these novel biotechnologies in perspective.
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As a result, it is highly likely that over time, more and more embryo editing could come to be regarded as necessary, along with its germline effects, whether inadvertent or desired. And only editing can create (and perpetuate) enhancements.
B. Is Enhancement Inevitable?
The prospect of genetic enhancement is far more feasible with gene editing than it has ever been with gene addition. The simple existence of the technology has given rise to an imaginative fervor that so far has outpaced serious discussion about what enhancement means and what its consequences might be-despite the greatly expanded problems of assessing safety and even of predicting the meaning of efficacy when enhancement rather than correction is at issue. 150 s/612494/despite-crispr-baby-controversy-harvard-university-will-begin-gene-editing-sperm/ [https://perma.cc/2KEA-CXFW].
149. There are undoubtedly ambitious scientists and entrepreneurs who are inspired rather than deterred by Dr. He 150. The regulatory requirements for research with human subjects require a reasonable balance between risks of harm and potential benefits. But as discussion of Dr. He's research demonstrates, when seeking to enhance a healthy human, it is at best somewhat challenging to assess the potential benefits of making someone "better than normal" and compare those elusive benefits to the risks of harm. See Rebecca Dresser, Addressing the problem of unequal access to costly biotechnologies barely dents the ethical issues raised by this challenging future possibility. Gene editing represents a major scientific leap forward, rekindling public excitement about the possibility of significant amelioration of genetic disorders in the foreseeable future. Yes, it will take quite some time before many human clinical gene-editing trials using CRISPR-Cas9 are underway, but clinical translation seems likely to move more quickly than it has for other novel biotechnologies. After all, research in healthy human embryos was approved in two countries just a year after the first publication of gene-editing research in tripronuclear human embryos in China. 151 And the controversy over He Jiankui's work is likely to continue for some time.
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C. Sticking to the Basics: A Proposal
Despite the push toward clinical applications of human embryo editing, it matters a great deal whether the translational pathway is expected to follow a straight line or not. It seems likely that geneticmodification research in human embryos will continue and expand, but basic and proof-of-principle research may be far more vital than speeding toward the clinic. Gene-editing research using human embryos to gain basic knowledge of embryonic development and infertility is currently underway. Researchers received approval early in 2016 to use CRISPR-Cas9 in healthy donated embryos in the United Kingdom and in Sweden; by September, National Public Radio announced that the Swedish team had started their work. Policies, 82 MILBANK Q. 195, 207, 209 (2004) Since then, researchers in the United Kingdom and elsewhere have made significant contributions to basic knowledge of embryo development and disease modeling. 154 Recently, an expert panel convened by the Japanese Ministry of Education, Culture, Sports, Science, and Technology drafted guidelines recommending gene editing of human embryos for basic science research. 155 And a developmental biologist in the United States is using CRISPR to test the efficacy of editing deleterious mutations like retinitis pigmentosa out of human embryos in very early stages of development. 156 Although basic embryo research using CRISPR might seem like nothing other than the first step on the pathway of clinical translation, it should instead be considered a goal in itself. CRISPR was discovered and developed because scientific curiosity led to scientific excitement about the ability to understand, refine, and manipulate a newly identified biological ability. The basic embryo research that CRISPR makes possible seeks to improve scientific understanding of human growth and development in ways that may not lead directly to clinical applications but that may have far greater capacity to improve the health of many in the long run. Renewed attention to basic principles of careful and deliberate knowledge-generating research can do a lot to slow the race to the clinic and help to ensure that what ultimately succeeds in moving from "bench to bedside" is safe and effective, because more is known about how and why it works.
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Genetic Modification of Preimplantation Embryos: Toward Adequate Human Research
It is also important to recognize that the tremendous-and justified-scientific excitement about CRISPR and related geneediting tools may ultimately result in only modest clinical benefit, precisely because the knowledge gains from basic and preclinical research are themselves broadly generalizable rather than targeted to treatment breakthroughs. This is the way all science generally works, and despite the rapid translation of scientific excitement about gene editing into the popular press, the science of gene editing works this way too.
Great clinical breakthroughs could indeed come from CRISPR; only time will tell. But progress is truly more likely if its pace is slow and steady and if detours and switchbacks are encouraged as learning opportunities. It may be too late to temper public expectations or broaden public deliberation about gene editing, but reinforcing scientific responsibility is a duty borne by all those who think about the relationship of science to society. When shared governance is nearly impossible to achieve or even conceive of in a global explosion of scientific excitement and increasingly accessible technology, sharing conversation plays a vital role in supporting and perpetuating a global commitment to harm prevention, practical wisdom, and reasoned reflection about medical progress.
One of the most important outcomes of the "gene-edited babies" controversy should be renewed attention to the relationship between good science and the ethical and social value of responsible scientific progress. Whether or not He Jiankui is appropriately characterized as a rogue scientist, many researchers and scholars have noted that ethically sound research means more than simple adherence to laws and regulations. Some have gone on to point out that critical reflection about the ethical underpinnings of human research and the promotion of open and robust discussion regardless of self-interest are essential. 158 After all, Dr. He appears to believe that his work is NORTH CAROLINA LAW REVIEW [Vol. 97 both ethical and necessary; the extent to which he may have misunderstood what seems clear to others is a cautionary commentary on ethics education in the sciences, at every level. 159 The integrity of scientific data and the ethics of translational research are interdependent. 160 Both depend upon public and policy conversations about what constitute common human values and why we hold them.
161 This is why careful, transparent attention to all its implications is essential to the success of all new science. As difficult and all consuming as that attention is, both for scientists and for the rest of society, the promise of gene editing deserves no less.
CONCLUSION
This Article has attempted, in a drastically condensed discussion, to describe the rapid development of gene editing and to highlight the scientific, medical, ethical, and policy challenges posed by editing the genomes of embryos destined to be born. Such edits are expected to be inherited by future generations. Although developing effective genetic treatments for already-born persons is universally desirable, inheritable genetic changes have been prohibited or, at best, regarded with extreme caution, for a variety of ethical, policy, and scientific reasons, including concern about the high likelihood of dangerous outcomes, desire to make use of less drastic means of eliminating genetic disease, and the hope of preserving the human genetic inheritance without introducing uncontrolled enhancements.
Careful and thoughtful ongoing research can make use of CRISPR and related editing technologies in order to learn more about human development and disease, and thus has a promising
2019]
GENE-EDITING RESEARCH 1091 future. However, the desire to develop inheritable genetic modifications-including enhancements-is surprisingly strong, as He Jiankui's work has demonstrated. Moreover, Dr. He's work has shown that even if there were clear and universal agreement, there is no global enforcement mechanism able to detect deviations prospectively. Much depends upon continuing, clear, and complete discussion among scientists, bioethics scholars, and policymakers worldwide. Much also depends upon robust ethics education for scientists as well as for the public. But the real question is whether, after Dr. He, the genie can be put back in the bottle. Only time will tell.
